V
itamin D deficiency is associated not only with osteoporosis but also with various health events not related to the musculoskeletal system (1, 2) . Hypovitaminosis D is very common in older persons, affecting more than 50% of American and European elderly persons who live at home and more than 80% of those who live in nursing homes (3, 4, 5) . Brain, prostate, breast, and colon tissues, among others, as well as immune cells express vitamin D receptors (VDR) and respond to 1,25-dihydroxyvitamin D [1, 25(OH) 2 D], the active form of vitamin D (6) .
The active form of vitamin D is present in the brain. The central nervous system (CNS) contains all the enzymatic material required to locally produce its own active form of vitamin D (7, 8) . Vitamin D acts as an auto-or paracrine hormone of the neurosteroid type (7, 8) , binding locally to VDR expressed in neural and glial cells of the temporal, orbital, and cingulate cortices but also in the thalamus, the amygdaloid complex, and the spinal cord (9, 10) . Directly or indirectly, 1,25-dihydroxyvitamin D controls more than 200 genes, including genes responsible for the regulation of cellular proliferation, differentiation, apoptosis, and angiogenesis (11) . Vitamin D signaling has emerged as a key regulator of immunity in humans (12) . Studies of the innate immune response to pathogens such as Mycobacterium tuberculosis have shown that pathogen recognition receptor (PRR)-mediated activation of localized vitamin D metabolism and signaling is a key event associated with resistance to infection (13) . Vitamin D, acting in an intracrine fashion, is able to induce expression of antibacterial proteins. The net effect of these actions is to support increased bacterial killing in a variety of cell types (14) .
Death in the acute phase of the disease and neurological as well as neuropsychological sequelae are frequent complications of bacterial CNS infections. Escherichia coli is a Gram-negative bacillus causing local infections in the urinary tract, abdomen, and lungs.
Systemic spread of these infections is frequent, leading to sepsis and meningitis, and is associated with high rates of mortality and morbidity in infants and immunocompromised and elderly persons despite advances in antimicrobial chemotherapy (15) . The presence of the capsule K1 confers invasiveness to the strains and enables them to penetrate the blood-brain barrier in vivo (16, 17) .
Mammals have two main forms of immune defense against infectious agents that are sequentially activated: innate (phagocytosis and antigen presentation) and adaptive immunity (T and B lymphocyte function). Both innate immunity and adaptive immunity contribute to the host defense against bacteria. The brain shows a well-organized innate immune reaction in response to bacteria in blood and cerebrospinal fluid (18) (19) (20) . Microglia, the resident phagocytes of the CNS, constitute the first line of defense when bacteria have entered the brain (21, 22) . Microglial cells express Toll-like receptors (TLRs) that can recognize pathogen-associated molecular patterns (PAMPs) and thereby play an important role as regulators of the local innate immune response (23, 24) . With their ability to produce proinflammatory cytokines and chemokines and to present antigens, microglia together with perivascular and meningeal macrophages attract circulating immune cells to the site of infection (21, 25) .
Previous studies have shown that activation of microglia occurs in both cerebral and systemic infections, most likely as a mechanism to increase the resistance of the brain against invading pathogens (19, 20) . Stimulation of microglial cells with TLR agonists can increase the phagocytic and intracellular killing properties of microglial cells (26) . Recent studies described the key mechanisms associated with vitamin D metabolism and signaling for both innate and adaptive immune responses (14, 27) . In particular, studies of the interaction between vitamin D and the immune system have highlighted the importance of the local conversion of the precursor 25-hydroxyvitamin D (25-OHD) to active 1,25-dihydroxyvitamin D as a mechanism for maintaining antibacterial activity in humans. The aims of this study were (i) to investigate how vitamin D deficiency influences the ability of microglial cells to phagocytose and intracellularly kill bacteria at rest and after stimulation by TLR agonists and (ii) to compare the cytokine and nitric oxide (NO) release of microglial cells prepared from vitamin D-deficient and vitamin Dsufficient mice after stimulation with TLR agonists.
MATERIALS AND METHODS
Primary mouse microglial cell cultures. Primary cultures of microglial cells were prepared from brains of newborn C57BL/6 mice (postnatal day 0 to day 2 [p0 -p2]), whose parents were fed a vitamin D-deficient or vitamin D-sufficient diet. To obtain low vitamin D concentrations in the circulation of the newborns, beginning 6 weeks before breeding, their parents were fed a diet with a low vitamin D concentration (vitamin D concentration under detection level and normal calcium and phosphate concentrations) (Ssniff, Experimentalfutter für Labortiere, Soest, Germany) (Table 1) . After 6 weeks, the 25-hydroxyvitamin D 3 concentrations in serum were measured for the parent mice using liquid chromatography and tandem mass spectroscopy (LC-MS/MS). Serum samples were measured with the MassChrom 25-OH-vitamin D 3 /D 2 LC-MS/MS kit (Chromsystems, Munich, Germany). The measurements were performed on an AB Sciex API 4000 LC-MS/MS system (AB Sciex, Darmstadt, Germany). The high-performance liquid chromatography (HPLC) component was from Shimadzu (Duisburg, Germany). The assay was adapted to a 50-l sample volume. The limit of quantification was estimated at approximately 3 ng/ml for the adapted assay.
After removal of the meninges, brains were homogenized, and the homogenates were treated with trypsin (Sigma-Aldrich, Taufkirchen, Germany) for 10 min to isolate the cells and then treated with DNase (Sigma-Aldrich), centrifuged, and suspended in Dulbecco's modified Eagle medium (DMEM; Gibco, Karlsruhe, Germany) supplemented with 10% heat-inactivated fetal calf serum (FCS), 100 U/ml of penicillin, and 100 g/ml of streptomycin. Cells were plated at a density of two brains per T75 culture flask (Corning Costar, Wiesbaden, Germany) and incubated at 37°C with 5% CO 2 . Culture medium was changed twice a week. After 14 days of culture, microglial cells were isolated from the mixed glial (astrocytes and microglia) cultures by shaking, and the cells of the supernatants were plated in 96-well plates at a density of 50,000 cells/well. To test for the purity of the cultures, Griffonia simplicifolia isolectin B4 and Iba staining was performed. For this purpose, microglial cells were plated on poly-Llysine-coated coverslips, fixed in 4% formaldehyde, treated with Triton X-100 (0.1% in phosphate-buffered saline [PBS]) for 30 min, and then incubated with biotinylated isolectin B4 (5 g/ml diluted in PBS, containing 1% [wt/vol] bovine serum albumin; Sigma, Taufkirchen, Germany) and with primary anti-Iba-1 antibody (Wako, Japan) at a dilution of 1:400 for 90 min. Anti-rabbit biotinylated secondary antibody was added at a dilution of 1:200 (GE Healthcare, Amersham, Germany) for Iba-1 staining for 1 h. Afterwards, cells were treated with avidin-biotin complex (Vector, Burlingame, CA) for 30 min, and diaminobenzidine was used for visualization, resulting in a brown staining of the somata of microglial cells. The stainings showed that the cultures contained Ͼ98% microglia.
Microglial stimulation with the TLR agonists Pam 3 CSK 4 , poly(I·C), LPS, and CpG. Microglial cells from vitamin D-sufficient C57BL/6 and vitamin D-deficient C57BL/6 newborn mice plated in 96-well plates were cultured in medium containing 10% FCS, 100 U/ml of penicillin, and 100 g/ml of streptomycin for 20 h. Microglial cultures were then exposed for 24 h to one of the TLR agonists. Tripalmitoyl-S-glyceryl-cysteine (Pam 3 CSK 4 ; 910.5 Da; EMC Microcollections, Tübingen, Germany) was used as a specific agonist of TLR1/2 at concentrations of 1, 0.1, 0.01, 0.001, and 0.0001 g/ml. Poly(I·C) (1.5 to 8 kb; Invivogen, San Diego, CA) was used as a TLR3 agonist at concentrations of 10, 1, 0.1, 0.01, and 0.001 g/ml. For activation of TLR4, microglial cells were exposed to lipopolysaccharide (LPS) from E. coli serotype O26:B6 (Sigma, Taufkirchen, Germany) at concentrations of 1, 0.1, 0.01, 0.001, and 0.0001 g/ml. CpG oligodesoxynucleotide 1668 (TCC ATG ACG TTC CTG ATG CT; 6,383 Da; TIB Molbiol, Berlin, Germany) was used as a specific ligand of TLR9 at concentrations of 10, 1, 0.1, 0.01, and 0.001 g/ml. In our experimental setting, we used the concentrations of stimulators according to previously published results in murine microglial cultures to ensure that all compounds were tested at comparable concentrations in terms of microglia (26, 28) as well as macrophage and splenocyte stimulation (29, 30) . In the experiments comparing NO release upon activation of microglia, gamma interferon (IFN-␥; 100 U/ml) was added as a costimulant to augment NO production. Control groups with unstimulated microglial cells were included in all experiments. Supernatants from stimulated microglial cultures and unstimulated controls were collected after 24 h of incubation and stored at Ϫ20°C until measurement of cytokine and chemokine levels.
Flow cytometric analysis of microglial cells. To assess the surface markers of cultured microglial cells, microglia from vitamin D-sufficient and vitamin D-deficient C57BL/6 newborn mice were seeded into 12-well plates at 2 ϫ 10 5 cells/well and incubated overnight. After 24 h, microglial cells were preincubated with medium or one TLR agonists in the highest concentration used for phagocytosis (Pam 3 CSK 4 , 1 g/ml, and CpG, 10 g/ml) for 24 h. Incubations were performed in DMEM supplemented with 10% FCS, 100 U/ml of penicillin, and 100 g/ml of streptomycin at 5% CO 2 at 37°C. After incubation, the culture medium was removed, and microglial cells were washed once with prewarmed medium and twice with prewarmed PBS (37°C). For detachment from the culture dish surface, cells were exposed to a 0.05% trypsin-0.02% EDTA solution (Biochrom, Berlin, Germany). The enzymatic reaction was stopped by adding culture medium, and cells were carefully scraped off to be collected in microcentrifuge tubes. Afterwards, cells were centrifuged at 800 ϫ g for 12 min at 4°C and resuspended in 1 Only cells positive for the pan-populational marker protein CD11b were analyzed for their additional expression of the pan-populational microglial marker protein CD45. The data were analyzed using FlowJo (Tree Star, Ashland, OR) software. Measurement of microglial cell viability. Microglial cell viability was determined using the WST-1 cell proliferation reagent (Roche Applied Science, Mannheim, Germany). The assay is based on the cleavage of a tetrazolium salt by active mitochondria, producing a soluble formazan. This conversion occurs only in viable cells. Cells were incubated with the WST-1 reagent for 3 h. Then, the formazan dye formed was quantified by measuring the optical density at 490 nm using a Genios multiplate reader (Tecan, Crailsheim, Germany). The absorbance was directly correlated with the metabolic activity of the cells. As a negative control, 1.0% Triton X-100 (Sigma, Taufkirchen, Germany) was applied, causing cell lysis.
Bacterial strain. An E. coli strain with the capsule K1, isolated from a child with neonatal meningitis (the strain was a gift from G. Zysk, Institute of Medical Microbiology, Düsseldorf, Germany), was used. E. coli was grown in tryptic soy broth, centrifuged, and then suspended in DMEM supplemented with 10% FCS. The bacterial inoculum was determined as the number of CFU added to each well by quantitative plating on sheep blood agar plates.
Phagocytosis assay. After stimulation, microglial cells from either vitamin D-sufficient or vitamin D-deficient C57BL/6 mice were coincubated with E. coli K1 (6 ϫ 10 6 CFU/well) for 90 min at 37°C and 5% CO 2 . After coincubation with E. coli, microglial cells were washed twice with PBS and incubated for 1 h with DMEM containing gentamicin (100 g/ ml; Sigma-Aldrich, Taufkirchen, Germany) to destroy extracellular bacteria. After incubation with the antibiotic, microglial cells were washed twice with PBS and lysed with 100 l of distilled water. The ingested E. coli CFU were counted by quantitative plating of 1:10 dilutions on sheep blood agar plates (31, 32) .
Intracellular survival assay. TLR-stimulated [Pam 3 CSK 4 , 1 g/ml; poly(I·C), 10 g/ml; LPS, 1 g/ml; and CpG, 10 g/ml] or unstimulated microglial cells from vitamin D-sufficient and vitamin D-deficient C57BL/6 mice were incubated with E. coli K1 for 90 min to monitor survival inside microglia. Thereafter, cells were washed twice with PBS and incubated in culture medium containing gentamicin (100 g/ml) for various times. At various points (90, 180, and 300 min), the monolayers were washed with PBS and lysed with distilled water. The amounts of intracellular bacteria were determined by quantitative plating of serial 1:10 dilutions on sheep blood agar plates (n Ն 15, performed on at least 2 days).
Nitrite assay. NO release was quantified by measurement of nitrite, one of its stable reaction products, in the supernatants of microglial cultures using the Griess reaction. Aliquots (100 l) of the supernatant were mixed with 100 l of Griess reagent [equal volumes of 1% sulfonilamide in 30% acetate and 0.1% N-(1-naphthyl)ethylenediamine in 60% acetate] in a 96-well plate. After 10 min, the optical density at 570 nm was measured with a Genios multiplate reader (Tecan, Crailsheim, Germany). Concentrations were calculated by comparison of the absorptions with a standard curve (28) .
Cytokine and chemokine release. Tumor necrosis factor alpha (TNF-␣), interleukin (IL-6), and chemokine (C-X-C motif) ligand 1 (CXCL1) (also termed KC, the mouse equivalent of growth-regulated oncogene ␣ [GRO-␣]) levels were determined using DuoSet enzyme-linked immunosorbent assay (ELISA) development kits (R&D Systems, Wiesbaden, Germany). Procedures were performed according to the manufacturer's instructions. The color reaction was quantified at 450 nm in a microplate reader (Bio-Rad, Munich, Germany). The limit of detection was 7.5 pg/ml for TNF-␣, IL-6, and CXCL1.
Statistics. Descriptive values of serum vitamin D 3 concentrations are shown as means and individual measurements and were analyzed using unpaired t test. The cytokine, chemokine, and nitrite release data are reported as medians and interquartile ranges (Q25 and Q75). Phagocytosis data are also shown as medians and corresponding interquartile ranges (Q25 and Q75). SAS version 9.3 (SAS Institute, NC) was used to perform statistical analysis. Statistical testing for the effect of concentration, the group membership, and their interaction were done according to a factorial analysis of variance (ANOVA) for the logarithms of the outcomes (phagocytosis of E. coli K1 and cytokine and chemokine release), adjusting for the random effect of the mice. The significance level was set to 5%, and adjustments for multiple comparisons were performed with the Bonferroni method. Descriptive values of cell viability test, intracellular survival assays, and NO release are shown as means and SE and were analyzed by one-way ANOVA and corrected for repeated testing with the Bonferroni multiple-comparison test. For visualization, GraphPad Prism software (GraphPad Software, San Diego, CA) was used.
RESULTS

Feeding with diet containing low vitamin D concentration resulted in decreased serum 25-OH vitamin D 3 concentrations.
Six weeks of feeding a diet containing low vitamin D concentrations in the parent mice resulted in serum 25-OH vitamin D 3 concentrations significantly lower than those in mice fed with a diet containing normal amounts of vitamin D (7.3 Ϯ 1.6 versus 31.7 Ϯ 1.2 ng/ml; P Ͻ 0.001) (Fig. 1) . (Fig. 2A) . All CD11b-positive microglia additionally were positive for the pan-populational marker CD45 (Fig. 2B and C) . No significant changes in the percentage of CD45-positive microglial cells were found between medium-and TLR agonist-treated microglial cells. After stimulation of microglial cells with different TLR agonists, the induction marker F4/80 was expressed on the surface of CD11b ϩ CD45 ϩ microglia in vitamin D-sufficient and -deficient microglia (Fig. 2C) . Levels of expression of the induction marker F4/80 on the surface of CD11b ϩ CD45 ϩ microglia 24 h after stimulation were not significantly different between vitamin D-sufficient and vitamin D-deficient microglial cells (Fig. 2D) . Cell viability. The TLR agonist concentrations used in our study were not toxic in accordance with our previously published data (28) . Stimulation of microglial cells with the highest dose of TLR1/2, -3, -4, and -9 agonists did not result in a loss of cell viability (Fig. 3) . Data are provided as means Ϯ SE (n ϭ 4 per condition from two independent experiments) and were analyzed using one-way ANOVA followed by Bonferroni's correction for multiple comparisons. compared quantitatively after coincubation of microglia and bacteria for 90 min in unstimulated cultures and in microglial cultures that had been previously stimulated with TLR1/2, TLR3, TLR4, or TLR9 agonists (n ϭ 21 wells per concentration for TLR1/2, TLR4, and TLR9 and n ϭ 18 for TLR3). In phagocytosis assays involving E. coli K1, unstimulated cells ingested bacteria at a low rate (cultures of microglia from vitamin D-sufficient mice, median, 50 [20, 80] CFU/ml; cultures of microglia from vitamin D-deficient mice, median, 40 [20, 100] CFU/well). The numbers of ingested E. coli bacteria 90 min after stimulation with different TLR agonists showed an increase of ingested bacteria in a dosedependent manner in microglia from both vitamin D-sufficient and vitamin D-deficient mice. The dose-dependent stimulation of microglia by TLR agonists is in accordance with data previously published by us (28) and others reporting stimulation with TLR agonists in macrophages and splenocytes (29, 30) . Except for the TLR1/2 agonist (Pam 3 CSK 4 ), the group-concentration interaction between the two groups (vitamin D-sufficient microglia and vitamin D-deficient microglia) and the phagocytosis rate were positive (P Յ 0.05) for all TLR agonists (Table 2) . Prestimulation with the highest concentrations of TLR3, TLR4, or TLR9 agonists significantly increased the phagocytosis rate of E. coli in vitamin D-sufficient microglia compared to that in the vitamin D-deficient microglia (P value [adjusted], Ͻ0.05 [Fig. 4] ). After stimulation with TLR1/2, vitamin D-sufficient microglia cells showed a slightly higher phagocytosis rate than vitamin D-deficient microglia. The difference did not reach statistical significance. At the other concentrations of TLR3, -4, and -9 studied, there were no significant differences between the vitamin D-sufficient and vitamin D-deficient microglial cells.
Intracellular killing of E. coli K1 in vitamin D-deficient microglial cells was decreased compared to that in vitamin D-sufficient microglial cells.
After demonstrating the enhanced ability of vitamin D-sufficient microglial cells to phagocytose bacteria upon stimulation with TLR agonists, we studied whether stimulated microglial cells from vitamin D-deficient or from vitamin D-sufficient C57BL/6 mice killed more ingested bacteria. We performed intracellular survival assays with the highest concentrations of TLR agonists used in the phagocytosis studies. The numbers of surviving intracellular bacteria after 90 min of phagocytosis and 60 min of gentamicin treatment and the numbers of killed bacteria at 300 min after the end of phagocytosis are shown in Table 3 . For each group, the absolute amount of killed bacteria was calculated as the difference between each individual value at 300 min and the mean of ingested bacteria of the respective group at 60 min of gentamicin exposure. In both groups, the amounts of intracellularly surviving bacteria decreased throughout the experiment. Stimulation of vitamin Dsufficient microglia with TLR agonists led to an increased number of killed bacteria in comparison to those for unstimulated cells and stimulated vitamin D-deficient microglial cells (P Ͻ 0.001).
NO release upon stimulation with agonists of TLR1/2, -3, -4, and -9 did not differ in vitamin D-deficient mice and vitamin D-sufficient mice microglia. A mechanism by which vitamin D may be able to exert antimicrobial activity is bacterial killing using the NO pathway (33) . As expected from previously published data (28) , high concentrations of the TLR agonists Pam 3 CSK 4 (TLR1/ 2), LPS (TLR4), and CpG (TLR9) induced NO release in microglial cells. To study the possible mechanism by which vitamin D deficiency can influence the intracellular killing of E. coli, we mea- 
The release of the cytokines and chemokines and the phagocytosis rate after incubation of microglial cells with different TLR agonists were in both groups concentration dependent for all TLR agonists (P Յ 0.05), indicating that the tested compounds stimulated microglial cells in a dose-dependent manner. Except for Pam 3 CSK 4 , the group-concentration interaction between stimulation of microglia and phagocytosis rate was found for all TLR agonists, indicating that vitamin D deficiency significantly impaired phagocytosis (P Յ 0.05; two-way ANOVA followed by Bonferroni's correction for multiple comparisons). The cytokines and chemokines also showed a significant group-concentration interaction, documenting the influence of low vitamin D on cytokine and chemokine release. For CXCL1 after stimulation with poly(I·C) and CpG and for TNF-␣ after stimulation with CpG, however, no significant group-concentration interaction was found. Date were analyzed using two-way ANOVA followed by Bonferroni's multiple-comparison test.
sured the NO release at the highest TLR agonist concentrations studied, at which we also found the maximum phagocytosis rate. We could not find a significant difference in NO release between vitamin D-sufficient and vitamin D-deficient microglial cells (Fig. 5) . There was only a tendency of vitamin D-deficient microglia to release less NO than vitamin D-sufficient microglial cells.
Stimulation of vitamin D-deficient microglia by TLR agonists led to decreased TNF-␣ and IL-6 release compared to that of vitamin D-sufficient microglia.
To confirm microglial activation by the TLR agonists, we measured the concentrations of TNF-␣, IL-6, and CXCL1 (KC) in the supernatants of microglial cultures (n ϭ 21 per concentration of TLR1/2, -4, and -9 agonists Table 2 ]), indicating that the tested concentrations were effective in activating microglial cells. The group-concentration interactions between vitamin D-sufficient and vitamin D-deficient microglial cells and cytokines and chemokines for all TLR agonists are summarized in Table 2 . Stimulation of vitamin D-sufficient microglia with different TLR agonists generally resulted in a stronger release of cytokines and chemokines than stimulation of vitamin D-deficient microglia. This was true for IL-6 and TNF-␣ and partly for CXCL1, although the concentrations of this chemokine were low at all TLR agonist concentrations studied (Fig. 6) .
Incubation of microglia with Pam 3 CSK 4 (TLR1/2) at concentrations of 1, 0.1, and 0.01 g/ml resulted in significantly decreased levels of IL-6 in vitamin D-deficient microglia compared to that in vitamin D-sufficient microglia (P Ͻ 0.05 [ Fig. 6A]) . Pam 3 CSK 4 (TLR1/2) at 0.001 and 0.0001 g/ml also induced the release of smaller amounts of IL-6 in vitamin D-deficient microglia than in vitamin D-sufficient microglia, but these differences failed to reach statistical significance. The differences in TNF-␣ release between vitamin D-deficient and vitamin D-sufficient microglia after treatment of microglia with Pam 3 CSK 4 at the individual concentrations were not statistically significant as a consequence of the correction for repeated testing (Fig. 6A) .
Treatment of microglia with 10, 1, 0.1, 0.001, and 0.0001 g/ml of poly(I·C) (TLR3) resulted in significant differences in IL-6 and TNF-␣ release between vitamin D-deficient and -sufficient microglia (P Ͻ 0.05 [ Fig. 6B] ). The stimulation of vitamin D-sufficient microglia with LPS (TLR4) at concentrations of 1, 0.1, 0.01, and 0.001 g/ml induced a significantly higher release of IL-6 than for vitamin D-deficient microglia (Fig. 6C) . The TNF-␣ release after stimulation of microglia with LPS at 1 g/ml was significantly decreased in vitamin D-deficient microglia. The results after stimulation with LPS concentrations of 0.1, 0.01, 0.001, and 0.0001 g/ml are presented in Fig. 6C . The stimulation of microglia with CpG (TLR9) at concentrations of 10, 1, and 0.1 g/ml induced a significantly higher release of IL-6 (Fig. 6D) and, for concentrations of 1 and 0.1 g/ml, also significantly larger amounts of TNF-␣ release (P Ͻ 0.05 [ Fig. 6D] ) in vitamin D-sufficient microglia.
DISCUSSION
Clinical and experimental observations support the hypothesis that insufficient supply with vitamin D may lead to the dysregulation of the human immune response and may therefore be an underlying cause of infectious diseases and immune disorders (34, 35) . (27, 38) . A central feature of many of these nonclassical actions of vitamin D is that the synthesis of active 1,25(OH) 2 D appears to occur in a cellspecific manner: enzyme 25-OHD-1␣-hydroxylase (encoded by the gene CYP27B1) is expressed by many extrarenal tissues, including those of the immune system (27, 39) . The influence of vitamin D on the course of CNS infections is not known.
In 1986, Rook and colleagues found in cultured human monocytes that active vitamin D, 1,25(OH) 2 D, can inhibit the growth of Mycobacterium tuberculosis (13) . At that time, the physiological significance of this finding was unclear. Subsequent studies showed that monocytes not only are able to phagocytose mycobacteria but also can initiate a cellular response to M. tuberculosis because they express pathogen recognition receptors (PRRs) that bind pathogen-associated molecular patterns (PAMPs) expressed by M. tuberculosis (40) . To clarify the innate immune responses to M. tuberculosis, Liu and colleagues (41) used DNA arrays that characterized changes in gene expression following activation of macrophage TLR1/2 receptors by one of the putative PRRs of M. tuberculosis. In that study, local synthesis of 1,25(OH) 2 D by monocytes was an integral part of the normal innate immune function of these cells: this activated vitamin D bound to the monocyte VDR and then was able to act as a transcription factor leading to the induction of cathelicidin, a potent antimicrobial protein (42) , and the promotion of phagocytosis and intracellular killing (41, 43, 44) .
Induction of antibacterial activity by vitamin D is not restricted to monocytes and macrophages but has also been reported for a variety of cell types, including bronchial epithelial cells (45) , myeloid cell lines (46) , and decidual (47) and trophoblastic (48) cells of the placenta. Our experiments were performed with mouse microglial cells. Although the innate antibacterial activity of vitamin D has been thought to be restricted to primates that express the promoter vitamin D response element (VDRE) required for vitamin D-mediated transcriptional regulation of antibacterial proteins (44) , some mouse antimicrobial molecules such as angiogenin-4 (Ang4) also appear to be influenced by vitamin D (49) . Although the function of Ang4 appears to be restricted to specific areas of the gastrointestinal tract, this observation underlines the versatility of vitamin D as a promoter of antibacterial activity in different tissues and animal species (34) . In our model using vitamin D-deficient mouse microglial cells, we also were able to demonstrate the antibacterial activity of vitamin D (decreased phagocytosis rate and intracellular killing of E. coli in vitamin D-deficient microglial cells).
Activated microglia can influence innate immunity (21) . In our previous work we have shown that stimulation of TLR1/2, -3, -4, and -9 with pathogen-derived compounds, such as bacterial products, or with endogenous ligands, such as fibronectin for TLR4, can increase bacterial phagocytosis and intracellular killing of bacteria by murine microglial cells (31, 32) . Here, we demonstrate that vitamin D deficiency can decrease the ability of microglia to phagocytose and intacellularly kill a pathogenic E. coli strain after stimulation with high doses of TLR1/2, -3, -4, and -9 agonists. This suggests that vitamin D deficiency may affect the cellular innate immune response of the CNS by decreasing phagocytosis and intracellular killing of bacteria invading the brain. For the TLR1/2 agonist and at lower TLR3, -4, and -9 agonist concentrations used in our study, the effect of vitamin D deficiency was mild, and the differences in phagocytosis rate between the vitamin D-sufficient microglial cells and vitamin D-deficient microglial cells were found to be not statistically significant when individual concentrations were compared as a consequence of correction for repeated testing. Once bacteria are engulfed, they are incorporated into phagolysosomes and exposed to reactive oxygen species and other bacteriotoxic compounds, which eventually results in bacterial lysis. The stimulation of microglia with TLR agonists is dose dependent (reference 28 and this study), and the efficacy of the phagocytic activity of reactive microglia depends not only on their ability to ingest bacteria but also on the pathogen's ability to modulate phagocyte signaling (49, 50) . This may be an additional reason why we found small differences in the phagocytosis rate between vitamin D-deficient and -sufficient microglia which failed to reach statistical significance at many individual concentrations tested.
Another mechanism by which vitamin D may be able to exert antimicrobial activity is via nonspecific bacterial killing. This is best illustrated by studies of the relationship between vitamin D and reactive oxygen species (ROS) which can act as bacteriocides. Initial analysis of M. tuberculosis killing in response to 1,25(OH) 2 D suggested that this probably did not involve ROS (13) . However, macrophages infected with M. tuberculosis in the presence of 1,25(OH) 2 D produced high levels of superoxide anions (51) . More recently, attention has focused on nitric oxide (NO), which is produced by macrophages as part of their innate immune response to infection. NO can function as an ROS and thereby exert bactericidal effects (33) . The NO pathway appears to play a pivotal role in the murine response to M. tuberculosis infection. In our study, we did not find any differences between vitamin
